We report the results of experiments that attempt to deposit n-type CVD diamond in a standard hot filament reactor using 1%CH 4 /H 2 gas mixtures, using (i) AsH 3 as a gas phase source of arsenic, and (ii) evaporated Sb or Sb(Ph) 3 as a source of antimony. SIMS measurements revealed that under these conditions, neither Sb nor As is incorporated into the diamond film, and the Raman spectra, electrical conductivity and crystallite morphology remain unchanged from that of undoped diamond. These experiments confirm the predicted low incorporation efficiency for As and Sb, and we conclude that doping CVD diamond with these elements cannot readily be achieved in this manner.
INTRODUCTION
Finding a suitable n-type dopant is a key requirement if CVD diamond is to play a major role in future electronic devices. Previous attempts to make n-type diamond by doping with elements such as N, S or P have either been unsuccessful, or have produced films with electrical characteristics that are not adequate for many proposed devices [1] . However, recent theoretical studies [2, 3] have shown that if arsenic or antimony were to be incorporated substitutionally into a diamond lattice, they may act as useful n-type dopants. In particular, these studies predict that substitutional As and Sb should possess significantly shallower donor levels in diamond than substitutional phosphorus, being ~0.4 eV and 0.3 eV below the conduction band minimum, respectively.
However, the large size of these atoms compared to that of carbon has led to the commonly held belief that their incorporation efficiency into the diamond lattice may be low. This, coupled with the high toxicity of As and Sb compounds, and the worry that they may permanently contaminate expensive CVD reactors, has meant that no experiments have been reported in the literature on their use as dopants for CVD diamond, despite them being quite commonly used in the Si industry. Implantation experiments using As have been reported [4, 5] which show that about half of all the implanted As atoms do, indeed, lie at substitutional sites. Hunn et al. [6] implanted As into single crystal diamond and produced semiconducting layers with an activation energy of 0.41 eV. However, in order to make electrical contacts with the implanted layer, high doses of boron were also implanted followed by an annealing step which graphitised the surface. Thus, there remains the possibility that some of the conductivity may result from residual unintentional B-doping. Furthermore, all ion implantation studies introduce damage and defects into the lattice which cannot entirely be annealed out [4] , and therefore such experiments cannot be taken as a reliable guide to the behaviour of As during CVD.
The aim of this work, therefore, is to verify experimentally the assumption of low solubility in diamond for As and Sb, and to determine if these elements can be utilised in the form of simple gaseous dopant species added to the process gas mixture during CVD -thereby imparting n-type semiconductivity into the diamond film.
EXPERIMENT
Diamond deposition occurred in a standard hot filament CVD reactor, using 1%CH 4 in H 2 (total flow 200 sccm) as input gases, maintained at a process pressure of 20 Torr. The substrate had an area of 1×1 cm 2 and made from an intrinsic (undoped) single crystal (100) Si wafer. Prior to deposition the substrates were manually abraded with 1-3 µm diamond grit, and then cleaned with propan-2-ol. The substrate was placed in the chamber onto a resistive heater to give independent control of the substrate temperature. The filament was made from 0.25 mm-diameter Ta wire, coiled into a 3 mm-diameter helix of length 15 mm, and was positioned at a height of 5 mm from the substrate surface. 6.75 A of alternating current was used to raise the temperature of the filament to 2400ºC, as measured by a two-colour optical pyrometer. The deposition time was ~8 h, with a diamond deposition rate around 0.5 µm h -1 . For doping experiments, the As and Sb were introduced into the chamber by different methods. Arsine gas (AsH 3 ) diluted in H 2 was used as the source of As, and metered into the chamber using a mass flow controller. Different dilutions (from 15 ppm to 0.5%) were used to vary the gas phase As:C ratio in the reactor from 3000 ppm to as high as 1:1. Similarly, we would have preferred to use stibine gas (SbH 3 ) as a source for antimony. However, this gas is very difficult to obtain commercially, and is unstable. Therefore, Sb was introduced as either triphenylantimony (Sb(Ph) 3 ) powder or as lumps of solid Sb, which were placed into an independently-controlled heater within the chamber (see Fig.1 ). This allowed the material to vaporise at a controlled, steady rate throughout the deposition run. Measurements of the mass of the Sb or Sb(Ph) 3 before (typically ~0.5 g) and after deposition allowed the evaporation rate, and hence the gas phase concentration of Sb, to be calculated. Values used ranged from 5-1000 ppm with respect to total gas flow, which is equivalent to a gas phase Sb:C ratio of 1000 -200,000 ppm (i.e. a maximum of Sb:C = 1:5).
Films were analysed by scanning electron microscopy (SEM) to examine crystal morphology changes, laser Raman spectroscopy (325 nm excitation) to assess diamond quality, and secondary ion mass spectrometry (SIMS) depth profiling to determine the Sb and As content on the surface and in the bulk of the films.
RESULTS
When using AsH 3 gas, or evaporated Sb(Ph) 3 or Sb, it was noticed that after several deposition runs the chamber walls became coated in a shiny-grey layer of either pure As or Sb. This coating did not appear on the substrate holder or within an area ~2 cm diameter from the filament, but was confined to the cooler parts of the chamber. Although somewhat disconcerting from a health and safety point of view, these layers did confirm that As and Sb were successfully being introduced into the chamber in sufficient amounts for any changes to film properties to be apparent. Neither coating appeared to penetrate into the stainless steel reactor walls, and they were both readily removed by simply wiping with a cloth soaked in dilute aqueous nitric acid. Thus, it appears that As and Sb do not permanently contaminate a (cold-wall) CVD reactor, unlike boron, which, once introduced into a hot reaction chamber, diffuses into the walls and is extremely difficult to remove. Laser Raman spectrum (325 nm) of the surface morphology of a CVD diamond film grown with a gas mixture of 1 sccm CH 4 + 0.2 sccm AsH 3 + balance H 2 , showing the diamond 1332 cm -1 peak and a small G band. This spectrum is indistinguishable from the spectra taken from all the other films grown in the presence of As, Sb, and with no dopants. Inset is an example SEM picture showing the surface morphology to be microcrystalline, which again remained independent of As or Sb additions.
Arsenic addition
Despite 30 deposition experiments, using AsH 3 gas concentrations up to 1:1 with respect to methane, the diamond film morphology (Fig.2) and growth rate appeared unchanged from those of films grown without As addition. The Raman spectra (Fig.2) , similarly, were identical to those of undoped films. Two-point and four-point probe measurements showed that the addition of AsH 3 at any flow rate made no difference to the film conductivity, which remained constant with resistance values ~10-100 MΩ. SIMS analysis (Fig.3) showed that there was no As present in the bulk of the films (to within the detection limit), although there was a small amount present at the surface, probably as a result of contamination when the filament was turned off. This surface concentration can be estimated using Sparrow's relative sensitivity factors [7] to be <0.08%. It must be stressed that SIMS signals depend on many factors including instrument conditions, presence or absence of oxygen, and the matrix material in which the element is found, so this is very much an approximation. Fig.2 . The vertical axis is percentage of the full-scale deflection of counts for each species, which were 500 for As and 200,000 for C. There is As present on the surface of the film, but after only 20 s etching (equivalent to a depth of ~1 nm) the As signal drops to background levels. The background level at mass 75, As, is about 100 counts per second (20% FSD), and was also present on samples grown without As addition. This means this background signal is probably due to metastable polyatomic ions, and is not a signature of As. This indicates that the As is not incorporated into the bulk of the diamond, but is present only at the surface, probably as a contamination layer after the filament was switched off.
Sb addition
The story is the same for antimony, whether it was vaporised from lumps of Sb or from Sb(Ph) 3 powder. The Raman spectra, film morphology, growth rate, electrical resistivity of the films for all experiments with different Sb concentrations were identical to those of films grown without Sb addition. SIMS, again, showed no Sb to be present, either on the surface, or in the bulk of the films.
CONCLUSIONS
The experiments have shown that for these typical CVD conditions, antimony and arsenic do not readily incorporate into the growing diamond film, even when using extremely high As:C and Sb:C ratios in the gas mixture. This provides experimental confirmation for the idea that these atoms are too large to readily substitute for carbon in the dense diamond lattice. However, the prospects for using these elements as n-type dopants are not entirely ruled out, since our experiments were confined to growth by hot filament reactors. In these reactors there is a localised heat source (the filament), which creates a steep thermal gradient pushing heavier atoms towards the colder chamber walls, where they condense and are removed from the reactive gas mixture. It is worth repeating these experiments, either in hot-walled reactors, which may prevent the condensation and loss of dopant atoms, or in microwave reactors where the thermal gradient is more gradual.
We believe that the high substrate temperature also proved a factor in preventing adsorption and subsequent incorporation of the volatile As and Sb atoms. As sublimes at only 887 K at atmospheric pressure, and therefore would probably not remain on the diamond surface (which is at about 1200 K) long enough to chemically react. Sb evaporates at 1860 K at atmospheric pressure, but this temperature would be reduced considerably at CVD pressures of 20 Torr. Nevertheless, should the As or Sb species survive on the surface without immediate reevaporation, the next step to incorporation would be to form a chemical bond with the diamond lattice. However, since the bond enthalpies for C-As and C-Sb are significantly lower than that for C-C (see Table 1 ), the high temperature at the growing surface would readily break any such newly-formed bonds. Thus, another suggestion for future experiments might be to grow at lower substrate temperatures. Furthermore, impurities such as P are known to incorporate preferentially on the (111) surface of diamond, so growing under conditions which favour this growth surface (e.g. using (111) Si as a substrate and the correct gas mixture) may also be worthwhile exploring as an avenue to As incorporation. 
